The Dead Sea is one of the most saline lakes on earth (Ϸ340 g͞liter salinity) and is Ϸ10 times saltier than the oceans. Eurotium herbariorum, a common fungal species, was isolated from its water. EhHOG gene, encoding a mitogen-activated protein kinase (MAPK) that plays an essential role in the osmoregulatory pathway in yeast and many other eukaryotes, was isolated from E. herbariorum. The deduced amino acid sequences of EhHOG indicated high similarity with homologous genes from Aspergillus nidulans, Saccharomyces cerevisiae, and Schizosaccharomyces pombe and contained a TGY motif for phosphorylation by MAPK kinase. When EhHOG was expressed in S. cerevisiae hog1⌬ mutant, the growth and aberrant morphology of hog1⌬ mutant was restored under high osmotic stress condition. Moreover, intracellular glycerol content in the transformant increased to a much higher level than that in the mutant during salt-stress situations. hog1⌬ mutant complemented by EhHOG outperformed the wild type or had higher genetic fitness under high Li ؉ and freezing-thawing conditions. The present study revealed the putative presence of a high-osmolarity glycerol response (HOG) pathway in E. herbariorum and the significance of EhHOG in osmotic regulation, heat stress, freeze stress, and oxidative stress. The Dead Sea is becoming increasingly more saline while the fungi living in it evolutionarily adapt to its high-saline environment, particularly with the extraordinarily high Li ؉ concentration. The Dead Sea is potentially an excellent model for studies of evolution under extreme environments and is an important gene pool for future agricultural genetic engineering prospects.
T
he Dead Sea is one of the most saline lakes on earth (salinity Ϸ 340 g͞liter). The studies on the biology of the Dead Sea revealed a variety of microorganisms including red halophilic Archaea, unicellular green algae (Dunaliella parva Lerche), different types of bacteria, and possibly even protozoa (1) . Recently, filamentous fungi were isolated from surface water to 300 m down in the Dead Sea (2) . Although the isolated fungi did not grow in undiluted Dead Sea samples, they showed a remarkable salt tolerance and, in many cases, even had a requirement for high salt concentrations, making them halophilic. Eurotium herbariorum is the most common species isolated from the Dead Sea water, from the surface to a depth of 300 m in all investigated seasons (3) . All of these organisms need to adapt to the extremely high salinity of the Dead Sea brines.
Exposure to high environmental osmolarity leads to dehydration in microorganisms; thus, consequently, cell viability decreases. To cope with this challenge, the cells of both prokaryotic and eukaryotic microorganisms have developed mechanisms to adapt to severe osmotic changes in their environments, often called osmoregulation. To adapt to salt stress, microorganisms balance high external osmotic pressure by synthesizing and͞or accumulating low-molecular-mass compounds, which are compatible with cellular function and do not inhibit enzymes (4) . Increased synthesis and͞or accumulation of glycerol and other compatible solutes, mainly polyols, have been the major feature of fungi osmoregulation (5) .
Mitogen-activated protein kinase (MAPK) is a key component of the evolutionarily conserved signal transduction cascades consisting of MAPK͞extracellular signal-related kinase (ERK) activated by an MAPK͞ERK kinase (MEK), which in turn is activated by an MEK kinase (6) . Eukaryotic organisms use different MAPK cascades to regulate various aspects of cellular function (7, 8) . MAPKs that specifically transmit environmental stress signals are also known as stress-activated protein kinases (SAPKs). This pathway is called the high-osmolarity glycerol (HOG) response pathway in Saccharomyces cerevisiae (9) . Members of this MAPK subfamily include Hog1 in S. cerevisiae, Spc1 (also called StyI) in Schizosaccharomyces pombe, SakA in Aspergillus nidulans, and p38͞JNK in the mammals. Indeed, S. cerevisiae hog1 mutants are sensitive to high osmolarity, whereas spc1 mutations in S. pombe result in sensitivity to high osmolarity, heat shock, and oxidative stress. Activation of the HOG pathway increases the transcription of some proteins, including enzymes involved in glycerol synthesis (10) . As a result, a high accumulation of glycerol inside the cell occurs and leads to increased internal osmolarity and restores the osmotic gradient between the cells and their environment (11) . Therefore, HOG1 gene holds a key position in osmo-adaptation of the yeast S. cerevisiae.
The presence of HOG1 homologous genes has been reported in fungal species (12, 13) and mammals (14) , indicating that this pathway is conserved among eukaryotes. However, no information is available for the HOG pathway or the molecular mechanism of stress tolerance in E. herbariorum. Here, we cloned the gene EhHOG of the filamentous fungus E. herbariorum from the Dead Sea and then transformed it into a wild-type (WT) and hog1 mutant of the baker's yeast S. cerevisiae. The expression of EhHOG functionally complemented S. cerevisiae hog1 mutant, and, remarkably, the complemented hog1 mutant displayed higher tolerance to several stresses than that of the WT strain of S. cerevisiae. Consequently, we propose the genetic resource of the Dead Sea fungi as a potentially promising resource to improve salt tolerance in other organisms in relation to various biological systems, including saline agriculture.
Materials and Methods
Fungus, Yeast Strains, and Culture Conditions. E. herbariorum, isolated from the Dead Sea water, was cultured in 1% yeast extract͞10% glucose medium (GY) at 25°C (3). Escherichia coli strain XL͞B was used for transformation and plasmid propagation. E. coli XL͞B was grown in Luria-Bertani (LB) medium at 37°C for plasmid manipulation. The S. cerevisiae strains used in this study were WT YSH6.142-3A (MATa leu2-3͞112 ura3-1 trp1-1 his3-11͞15 ade2-1 can1-100 GAL SUC2 mal0) and YSH444 (MATa hog1⌬::TRP1 mutant) (10) . Yeast cells were grown in a rich medium containing 1% yeast extract, 2% peptone, and 2% dextrose (YPD) or in a minimal medium containing 0.67% yeast nitrogen base and 2% (wt͞vol) glucose (SD) supplemented with required amino acids on a rotary shaker at 30°C (15) . Agar (1.5%) was added to these media when required.
DNA and RNA Analysis. Mycelia of E. herbariorum cultured in GY medium for 2 weeks and harvested by filtration were then soaked in fresh GY medium with 2 M NaCl for various periods of time. Total RNA was prepared by using the Total RNA Isolation Kit (Beit Haemek, Ashrat, Israel). DNA from E. herbariorum was isolated and purified by modifying the Raeder and Broda method (16) . Genomic DNA of yeast was isolated according to basic protocol (17) . For Southern blot analysis, 10 g of highpurity genomic DNA was digested with enzymes EcoRI, HindIII, and BamHI (New England Biolabs) and then transferred to a Hybond N nylon membrane (Amersham Pharmacia). Southern hybridizations (60°C) were carried out as described by Sambrook et al. (18) . For the probe, an EhHOG-containing DNA fragment (Ϸ800 bp) was obtained by PCR amplification with oligonucleotides 5Ј-AAGAAGATTATGAAGCCTT-TCAGC-3Ј and 5Ј-CATAATTTTCCATGTGTCGACCGG-3Ј as the primers and was labeled with [ 32 P]dCTP by a random primer-labeling kit (Beit Haemek). For Northern blot analysis, the method of hybridization (68°C) was the same as for Southern blots.
Isolation of EhHOG Gene from E. herbariorum. To isolate the HOG gene from E. herbariorum, PCR was performed by using genomic DNA as the template and sequences 5Ј-ATGGCGGAAT-TCGTGCGTGCCACGATT-3Ј and 5Ј-GGCCGCGAATGC-CTGCTGGCCATCCCC-3Ј as the primers for 35 cycles each consisting of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C. The amplified fragments were subcloned into pGEM-T easy (Promega) and sequenced. To obtain full-length HOG cDNA, RT-PCR was performed. For RT-PCR, two HOG-specific primers (5Ј-CA A AGCT TATGGCGGA AT TCGTGCGTGCCAC-GATT-3Ј and 5Ј-GGCCGCGAATGCCTGCTGGCCATC-CCC-3Ј) were synthesized. First-strand cDNA synthesis was performed in a 20-l reaction mixture according to cDNA Synthesis system (Promega). A 1-l sample of first-strand cDNA products was then used as template DNA in PCR for E. herbariorum HOG cDNA. PCR amplification was performed with 50-l reaction that contained 5 l of 10ϫ buffer, 0.2 mM dNTPs (2 l of 5 mM dNTPs), 1 l each of 10 M HOG-specific primer, and 2 units of Taq polymerase (Biotools, Madrid) for 30 cycles each consisting of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C. The amplified fragments were subcloned into pGEM-T Easy and sequenced.
Phylogenetic Analysis. Phylogenetic trees based on the amino acid sequences alignment of 36 MAPKs were constructed by using the neighbor-joining method (19) implemented in MAGA2.1 (20) . Reliability of the tree topology was evaluated by bootstrap analysis of 1,000 replicates. The resulting estimated amino acid distances were corrected for multiple amino acid substitutions per single site by Poisson correction.
Function Expression of EhHOG in S. cerevisiae. For expression of EhHOG in S. cerevisiae, 1.1-kb full-length EhHOG cDNA was inserted into HindIII͞NotI sites under transcriptional control of the promoter for alcohol dehydrogenase (ADH) in plasmid pADNS resulting in plasmid pADNS-EhHOG. Plasmid pADNS harboring the S. cerevisiae HOG1 coding sequences was obtained by subcloning HindIII-NotI fragments, which were obtained by amplification from S. cerevisiae genomic DNA through primers 5Ј-ACAAAGCTTATGACCACTAACGAGGAATT-3Ј and 5Ј-CTGGCGGCCGCT TACTGT TGGA ACTCAT TAG-3Ј. Transformation of yeast cells with pADNS-EhHOG was performed by the lithium acetate͞single-stranded carrier DNA͞ poly(ethylene glycol) methods (21) .
Growth Assays. The EhHOG gene was expressed in S. cerevisiae W T strain YSH6.142-3A and mutant YSH444 (M ATa hog1⌬::TRP1), which lacks HOG1. Cultures of strains transformed with pADNS or pADNS-EhHOG were grown in SD-LEU medium and YPD medium in the presence or absence of various concentrations of NaCl, LiCl, and sorbitol. For the growth test, cells were grown at 30°C for 36 h; serial dilution, 1͞10, was made at each step. From each dilution, 10 l was spotted on different media and incubated at 30°C for 3-5 days. At various time intervals, aliquots of the cultures were measured by optical density at 600 nm. For heat stress, cells were grown to OD 600 1.8-2. Serial dilutions of 10 times were made. Ten microliters of each dilution was spotted on solid YPD plates. Cells on YPD plates were incubated at 42°C for 1 day and allowed to recover at 28°C for 36 and 69 h; for 2-day heat stress, cells were recovered at 28°C for 48 h. Freeze-stress tolerance of cells was determined by measuring viability after the number of freeze-thaw cycles (Ϫ30°C and room temperature). Percent survival was expressed relative to the initial viability before freezing. For oxidative stress, cells were grown to OD 600 1.0-1.5 in SD medium at 30°C and then incubated for 1.5 h with increasing concentrations of H 2 O 2 in SD. Percent survival was expressed relative to the initial viability before oxidative stress. Two independent transformants were included, and three independent experiments were performed.
Assays of Intercellular Glycerol Content in Various S. cerevisiae
Strains. Cells were cultured at 30°C in SD media and harvested at the early exponential phase (OD 600 ϭ 0.5-0.8). Subsequently, cells were resuspended in a new media with or without 0.4 M NaCl. After incubation for 1 h at 30°C, cells were harvested and prepared as described by André et al. (22) . The glycerol content was determined according to the application manual of the glycerol-F kit (Roche Molecular Biochemicals).
Results and Discussion
Isolation and Characterization of the EhHOG from E. herbariorum.
Successful amplification of HOG1 homolog in E. herbariorum was achieved with primers derived from conserved regions of HOG1 from various fungal species available, with flanking regions obtained by chromosome walking (23) . Sequence analysis revealed a long ORF interrupted by eight introns, whose positions were confirmed by sequencing cDNA and genomic DNA clones (see Fig. 8 , which is published as supporting information on the PNAS web site). This ORF predicted 366-amino acid residues with protein masses of 41.62 kDa, which were highly similar to kinase from the stress-activated MAPK family. Therefore, the corresponding gene was named EhHOG (for E. herbariorum HOG). The EhHOG protein shows the highest identity to SakA (81% identity, 86% similarity) from A. nidulans and also shares a high homology to other SAPKs such as Spc1 (78% identity, 87% similarity) in S. pombe, HOG1 (66% identity, 72% similarity) in S. cerevisiae, and Mpkc (60% identity, 74% similarity) in A. nidulans (Fig. 1) . A TGY motif, characteristic of hyperosmolarity-activated MAPKs (24) , was found at amino acids 171-173 (Fig. 1) . Similar motifs have been found in other yeast species (13) and also in MAPKs from higher eukaryotes, which have been shown to complement S. cerevisiae hog1⌬ mutants (14, 25) . This TGY motif indicated to be phosphorylated by MAPK kinase (pbs1p) in S. cerevisiae (26) . EhHogp is thus likely to be phosphorylated by a kinase similar to pbs2p present in the E. herbariorum genome.
A conserved common docking (CD) domain motif of the MAPK family is present in EhHogp (Fig. 1) . The CD domain contains two acidic amino acids (Asp-304 and Asp-307) (Fig. 1) , which is crucial for docking to a cluster of basic amino acids commonly present in MAPK-docking sites (27) . Asp-304, Asp-307 of EhHogp could serve to establish critical electrostatic interactions with the positively charged amino acids of docking domains of upstream and downstream effectors together with the amino acids Tyr-302 and His-303. This docking motif in MAPKs is commonly used for recognition of their activators, regulators, and substrates. The docking interaction increases the efficiency of all enzymatic reactions and may help to regulate the specificity of molecular recognition (28) .
Phylogenetic analysis using representative amino acid sequences from the three major MAPK subgroups indicated that the sequences were clustered primarily by the type of MAPK, forming three major clades: SAPK, ERK, and MAPK3. Within clades ERK and SAPK, several subgroups were clearly identified. On this tree, EhHOG was tightly clustered with HOG subgroup of fungi relatives (Aspergillus and yeast) (Fig. 2) . HOG subgroup is characterized by the TGY motif (Fig. 2) , which is found in the sequences of EhHOG (Fig. 1) . HOG subgroup appears more specific in their activation by osmotic stress compared with other signals (29) . With respect to the highsalinity environment of the Dead Sea, EhHOG may have similar specificity to other HOG genes.
Southern blot analysis of the genomic DNA was performed to estimate the number of EhHOG copies in E. herbariorum. The banding pattern obtained for genomic DNA cut with EcoRI, HindIII, and BamHI suggested the existence of only one copy of the EhHOG gene in the genome (see Fig. 9 , which is published as supporting information on the PNAS web site).
Complementation of a S. cerevisiae hog1⌬ Mutant by EhHOG in
High-Salt Stress. To determine the functions of EhHOG, complementation of S. cerevisiae hog1⌬ null mutant (YSH444) was carried out with EhHOG. The salt tolerance of hog1⌬ (YSH444 strain) is lower than that of the WT strain because GPD1 activity in response to osmotic stress is low when HOG1 (MAPK gene) is deleted (10) . If EhHOG could complement the deletion of HOG1 in the S. cerevisiae hog1⌬ strain, the osmotic tolerance of the transformant strain should be restored compared with the WT. The coding region of EhHOG was subcloned into a yeast 2 vector pADNS and recombinant plasmid (pADNS͞EhHOG) DNA was transformed into the hog1⌬ (YSH444 yeast strain). The transformants were spotted on media containing 1 M NaCl, 1 M KCl, 2 M sorbitol, 0.4 M CaCl 2 , 20% Dead Sea water, and 300 mM LiCl (Fig. 3A) . The mutant hog1⌬ could not grow under these conditions, but the growth of the transformant strain (YSH444 strain containing EhHOG) was comparable with that of the WT strain under all these stress situations apart from 300 mM LiCl treatment where the transformant strain grew faster than the WT (Fig. 3) . These results indicate that EhHOG has a similar function to the S. cerevisiae MAPK gene (HOG1) in respect to salt tolerance in general, whereas Li ϩ tolerance directed by EhHOG is clearly higher than that of HOG1 of the WT.
The S. cerevisiae hog1⌬ null mutant has an aberrant cell morphology under osmotic stress due to large multinucleated cells with multiple elongated buds (12) . However, hog1⌬ mutant containing EhHOG showed a normal cell shape (Fig. 4) . This result indicated that the abnormal cell shape of hog1⌬ mutants could be rescued by the expression of EhHOG. Table 2 , which is published as supporting information on the PNAS web site. P38, animal SAPK2 CLUSTER; JNK (c-jun N-terminal protein kinase), animal SAPK1 cluster; HOG, fungi SAPK cluster; PERK, plant ERK cluster; ERK1 and ERK5, human and animal ERK cluster; YERK1 and YERK2, yeast ERK1 and ERK2 clusters. The conserved dual phosphorylation motif TXY (threonine-variable amino acid-tyrosine) of each subfamily is shown in parentheses.
During salt stress, intracellular glycerol content in S. cerevisiae hog1⌬ mutant increased to a much lower level than in the WT strain and the transformant (M͞pEhHOG) (Fig. 5) . Whereas compared with the WT, the transformant (M͞pEhHOG)
showed only a similar level of increase in intracellular glycerol content when it was stressed in 0.4 M NaCl (Fig. 5) .
EhHOG cDNA complemented the hog1⌬ null mutation and restored cell growth (Fig. 3A) and morphology (Fig. 4 ) under salt and osmotic stress conditions, demonstrating the function of MAPK (HOG pathway) in the osmosensing signal-transduction pathway.
The transformant appeared to have different growth rates on various salt media (Fig. 3) , although it restored hog1⌬ null mutant growth on diverse salt media. On 250-and 300-mM LiCl YPD plates, the transformant grew better than the WT. In 1 M MgCl2 and 0.4 M CaCl2 YPD media, the WT strain grew better than the transformant. In 1 M KCl YPD plate, the transformant grew better than in 1 M NaCl. It is possible that Na ϩ has more toxicity than K ϩ . Uptake of K ϩ is beneficial for salt tolerance because K ϩ counteracts the inhibitory effects of Na ϩ on enzymatic systems (30) . As for the transformant, which has higher tolerance to LiCl, this feature is clearly derived from the specific sequence of EhHOG.
It is highly likely that there is an equivalent HOG pathway in E. herbariorum cells. Moreover, this hog1⌬͞EhHOG transformant appears more tolerant than the WT strain under 250 and 300 mM LiCl (Fig. 3) . The EhHOG transformant also increased intracellular glycerol content during salt stress (Fig. 5) . However, EhHOG did not improve salt tolerance in WT S. cerevisiae (data not shown). These results suggest that EhHOG has similar function to HOG1 in S. cerevisiae to regulate the GPD1 gene, a second gene involved in glycerol biosynthesis in S. cerevisiae (31) . Most microorganisms will not be able to survive in E. herbariorum's habitat, the Dead Sea, because of stress caused by unusually high salt concentration. E. herbariorum's adaptive complex to this harsh environment could be governed by a range of alterations in the DNA level accumulated in the last 70,000 years. EhHOG's contribution to this adaptive complex may not be obvious in our current approach because E. herbariorum's higher salt tolerance could well result from a complicated network of many genes and pathways interacting with each other. Nevertheless, the higher Li ϩ tolerance conferred by EhHOG to hog1⌬, in contrast to that of the WT yeast HOG1, stands out in our current work. In addition to its therapeutic effects, Li ϩ is highly toxic to microorganisms and plants at much lower concentrations compared with that of Na ϩ (32) . Li ϩ has been widely used as an analog for Na ϩ in research on stress with yeast and plants because of its high sensitivity to all cells with inherent advantage that low concentrations can be used, avoiding screening for osmotolerance (33) . The Li ϩ concentration in the Dead Sea water is Ϸ100 times higher than that of the normal seas, whereas the differentials with Na ϩ and K ϩ are only Ϸ3 and 20 times, respectively (Table 1) (34-36) . Clearly, Li ϩ could have exerted much higher selection pressure on any organism living in the Dead Sea in contrast to other ions such as Na ϩ , K ϩ , Ca 2ϩ , and Mg 2ϩ . Hence, EhHOG is probably an ingredient of E. herbariorum's adaptive complex to the Dead Sea water with exceptionally high Li ϩ content. Nevertheless, the Li ϩ concentration in the Dead Sea is much lower than those used in our study. The Li ϩ concentration may not have been the only factor shaping up the specific character of EhHOG. It is more likely that it was the cumulative effect of many salts in the Dead Sea exerting various amounts of stress to any organism living there, with Li ϩ as the representative for trace elements with high biological impact.
Resistance of EhHOG Against Generalized Stresses. In addition to having a role in osmoregulation, EhHOG could be involved in responses to generalized stresses, such as heat stress and oxidative stress, in S. cerevisiae (37) , S. pombe (12) , and Candida albicans (38) . During heat stress, the growth of hog1⌬ strain recovered more slowly than the WT strain (Fig. 6 ). This result is similar to that of Winkler et al. (37) . The transformant (hog1⌬͞EhHOG) recovered faster than hog1⌬ strain, similar to the WT strain (Fig. 6) . During oxidative stress, hog1⌬ strain was more sensitive than the WT strain to H 2 O 2, whereas the transformant (hog1⌬͞EhHOG) showed a similar survival rate to the WT strain (Fig. 7B) . Our study indicated that EhHOG has similar function to HOG1 in S. cerevisiae to withstand oxidative stress.
During freeze-thaw stress, the transformant (hog1⌬͞ EhHOG) survival rate was higher than the WT strain, especially after 10 cycles (Fig. 7A) . WT strain survival rate decreased rapidly after 10 cycles and reached a similar level to hog1⌬ strain in 20 cycles (Fig. 7A) . During freezing, cells can be injured by physical factors, such as intracellular ice crystal formation and cellular dehydration (39) . Intracellular ice crystals are believed to rupture the plasma membrane, resulting in a release of cellular components into the environment (40) . Glycerol is probably the most widely used cryoprotectant that protects the cells during freezing through minimizing the detrimental effects of increased solute concentration and ice crystal formation (41) . Recently, Izawa et al. (42) reported that intracellular glycerol in yeast plays an important role in tolerance to freezing-thawing stress. Despite this finding, because HOG1 regulates the expression of numerous genes, and glycerol is certainly not the only end product, the higher tolerances to Li ϩ and freezing-thawing brought by EhHOG may encompass contributions from other sources in addition to glycerol.
During the thawing process, cells suffer oxidative damage to cellular components by reactive oxygen species (43) . Our results of the freeze-thaw stress were different from those of oxidative stress. This finding implies that a higher survival rate in the transformant (hog1⌬͞EhHOG) than in the WT strain could not be due to high resistance to oxidative stress during freeze-thaw stress. Yeast cells may cope with freeze-thaw stress by synthesis of stress protein (44) or metabolites such as trehalose and glycerol (45, 46) . Trehalose stabilizes the intracellular water structure and cell membranes under stress conditions (45) . Freeze-thaw-tolerant yeast strains had higher levels of trehalose (47) , indicating that trehalose is a possible protectant in freezethaw stress. Hence, EhHOG in the transformant possibly promoted the expression of genes involved in glycerol and trehalose synthesis, which produced higher levels of the metabolites trehalose and glycerol synthesis in stress survival. This hypothesis could explain the results we obtained from studying freeze-thaw stress.
To further eliminate the possibility that the complementation is derived from the copy number of EhHOG or the ADH promoter in the construct (pADNS͞EhHOG), HOG1 gene from WT yeast was isolated, and the construct (pADNS͞ScHOG1) was made similarly to that of EhHOG (see Materials and Methods). As with EhHOG, S. cerevisiae hog1⌬ was transformed with pADNS͞ScHOG1, and the transformant was tested against all of the stresses as described above. The results showed that hog1⌬ mutant transformed with EhHOG was superior to that of hog1⌬ mutant transformed with WT HOG1 in Li ϩ and freezingthawing tolerances but not in other stresses (see Fig. 10 , which is published as supporting information on the PNAS web site).
The Dead Sea is already one of the most saline lakes on earth with total salt concentration increasing, while its sea level falls (48) . Still, the fungi in the Dead Sea live in the gradually increasing saline environment. The content of most major elements is close to or already reaches saturation in the Dead Sea water. Trace elements, such as Li ϩ , could play a more significant role in shaping up the genetic future of a few Dead Sea organisms as it may have done so in the past. The evolution of the Dead Sea from a freshwater Lisan lake to a lacustrine and hypersaline close lake (49) led to increasing adaptive salt resistance in the few (2), and WT (3) were grown for 24 h in SD (minimal medium), and cell density was adjusted to OD 600 at 1.8. Serial dilutions of 10 times were made. Ten microliters of each dilution was spotted on solid YPD plates (control). Cells on YPD plates were treated in 42°C for 1 day and allowed to recover at 28°C for 36 h (A) and 69 h (B); for 2-day heat stress, cells recovered at 28°C for 48 h (C). organisms that could survive in the Dead Sea, such as Archea (50), Dunaliella (2), and filamentous fungi (2). Our results demonstrate that EhHOG could perform similarly to other HOGs under a range of stress environments. More importantly, yeast hog1⌬ mutant, complemented with EhHOG, displayed higher tolerance to some types of salts and freezing as well. Evidently, we can attribute the superior tolerance to specific sequences of EhHOG in contrast to other HOGs. These specific sequences are most likely the products of strong selection pressure from the hypersalinity progressively increasing in the Dead Sea for the last 70,000 years of the Lisan lake duration, particularly during the last 15,000 years.
In the present study, EhHOG functioned in a distantly related yeast species without any obvious shortcomings. It is interesting that despite considerable differences between yeast and E. herbariorum, we could achieve the functional expression of EhHOG, a MAPK homolog playing a central role in HOG signal transduction, in the yeast S. cerevisiae. Because Hog is well conserved from yeast to animals, there might be ample opportunity to introduce EhHOG into other eukaryotic genomes to improve stress tolerance. Moreover, other genes from E. herbariorum, as well as other organisms residing in the same environment, could prove useful for further genetic engineering efforts. It has been speculated that there is no HOG lineage in plants, because no plant HOG homolog has been found yet (29) . Nevertheless, the MAPK homolog from Pisum sativum could complement the HOG mutant (51). It will be of great interest to see the interaction of EhHOG with a plant genome if stable integration can be achieved and thereby reinforce the exploitation of genetic resources of the Dead Sea fungi for crop improvement. Our preliminary results suggest that EhHOG might possess the potential to play a similar role, as shown here with a yeast hog1 mutant, in conferring better stress tolerance in transgenic Arabidopsis (data not shown).
Prospects. In conclusion, isolation and characterization of EhHOG show insight into the evolutionary strategies and genetic mechanism of high halotolerance in the Dead Sea fungus E. herbariorum. EhHOG also can enhance the resistance against multiple stress tolerances (salt, H 2 O 2 , low and high temperature), which constitutes a clear advantage in agriculture. These results undoubtedly open theoretical routes for the study of Dead Sea biodiversity of filamentous fungi and other organisms (e.g., Archea, the alga Dunaliella) in terms of stress genomics, proteomics, and phenomics. In addition, genetic resources in the Dead Sea also could be potentially harnessed for engineering transgenic organisms with enhanced stress tolerance, thereby advancing saline agriculture. This application is desperately relevant in view of the increasing desertification and salinization of our planet and the need for crop improvement and higher food production to overcome world hunger.
